INTRODUCTION
The voltage hold-off capability of a pair of electrodes in high vacuum is a factor that influences the design of many electron tubes ranging from moderate to super-high powers. Although many experimenters and theoreticians have applied themselves to the question of what factors affect voltage hold-off, only rough rules-of-thumb are available to the electron tube designer. One of the reasons why an analytical solution to the problem has not been obtained is the large number of variables that can affect the breakdown conditions. This aspect of the problem has been discussed in detail in other reports .1 -This report will deal with the question of the contribution of the electrode materials to the breakdown process.
It will be shown that the breakdown in moderately spaced gaps is highly dependent upon the anode material used, leading to the conclusion that breakdown is initiated at the anode.
THEOR1ICAL CONSIDERATIONS
There have been many theories proposed to explain the breakdown phenmenon. A few of these are included in Table I:   TABLE I These theories have been selected because they serve to illustrate the aspects of the problem that must be reconciled before we can expect universal acceptance of a breakdown theory. To be accepted, the breakdown theory must present a self-consistent physical picture of the breakdown process. This should, in turn, lead to an analytical relationship between some measurable quantity, such as voltage at breakdown or current at breakdown, and a characteristic feature of the gap, which will be of practical use in design situations.
A review of the relationships shown in Table I would lead the uninitiated to conclude at first glance that it should be relatively simple to discriminate between these various possible theories since there is such a vide variation in the exponent involving the gap spacing, varying as it does fro a half to one. One is inclined to state that the voltage holdoff data should answer this question without great difficulty. If actual breakdown data are examined, however, this optimism is soon dispelled because of two reasons. 
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Although a good portion of this spread is attributable to the different materials used as both cathode and anode, the spread within materials also contributes to the scatter. The data can, however, be fitted to a relationship of the form Vb a kdo and values can be obtained for the constants k and n from the Kranjec and Ruby data with a fair degree of correlation. When one attempts to check the value obtained for the exponent, n, against the values contained in Table I , one encounters the second difficulty. One finds that the factor 0 used by Alpert, et al4 as a measure of the enhancement of the gross field by a protuberance on the cathode is not a constant but is a function of gap spacing. We find a relationship of the form 
k9d
which also fits the empirical data. The range in the exponent predicted by theory is thus reduced ýIom the original spread of i to 1 to a range of i to 5/8 or less, since the Slivkov relationship also includes the spacing dependent field-enhancement factor. The use of the value of the exponent n as a aetermining factor for validating a theory is, therefore, difficult. Because of this lack of sensitivity, we must rely on the selfconsistency of the physical picture presented by the theory as a guide to the selection of the theory.
The critical-field theory does not present a clear physical picture of the breakdown process except at the small gap spacings, where the value of the field-enhancement factor, B, is within the bounds of actual measurements made of the geometries of whiskers found on the cathode.
As the gap spacing is increased, however, the theory requires the enhancement factor to continually increase with spacing. For a fixed geometry protuberance, however, the value of the field-enhancement factor would decrease with spacing, as shown in To meet the growth-in-s requirements dictated by the critical field theory, it would, therefore, be necessary for the size of the whisker to increase with spacing or for the radius of the whisker to decrease with spacing. This picture is not self-consistent, since there is no reason for a whisker to grow longer or to become sharper as you tend to decrease the forces acting upon it. Thus, although we cannot explain the behavior of 0 at this time, we must for these and other reasons reject the critical-field theory as the cause of voltage breakdown at large gap spacings.
The data presented by Utsumi and Delman 6 at the Second Sympocium on Insulation of High Voltages in Vacuum include a number of errors in the printed version, so that the relationship that was shown in Table I is not considered to be accurate.
In addition, since the relationship is in terms of the current from a single point, it is not a practical breakdown criterion because it can neither be measured nor con.rolled. Utsumi and falman, however, presented measured data showing that the beam diameter from a single point would increase with gap separation leading to an increase in the temperature at the center of the anode spot because of this beam, even though the power density and total power were decreased.
Supplementing these results, we have the experimental data taken by two of the authors, indicating that breakdown was being approached when a point on the anode emitted a specific level of J nfrared radiation indicative of a constant temperature criterion for breakdown.
ANALYSIS OF EVERIVMTAL DATA
Since anode heating because of a hot spot on the anode was indicated by these results, the data collected by Kranjec and Ruby were analyzed using multiple regression techniques with the following model:
Vb -k C.aTbd" The data, therefore, do not warrant the conclusion that the empirical value of the coefficient is either 1/2 or 5/8 but rather an intermediate value. The value of 0.57 is interestingly smaller than the value of 0.60, which was the smallest exponent of the voltage versus gap spacing for a constant temperature found by two of the authors s while maintaining the voltage level below that required to break down the gap.
In addition to examining the value of the exponent of gap spacing, a further test of the Slivkov model (which is based on the conversion of the kinetic energy of a charged particle into vaporized material) was made by calculating the fit of the Krarjec and Ruby data to Slivkov's relationship, which can be expressed as Not only was the overall correlation coefficient poorer than that found for the anode heating model, but the material parameters showed alnost no correlation with the voltage breakdown. The results are summarized in Table II: TABLE II 
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Although the Kranjec and Ruby data were collected with identical materials used for the cathode and anode, the model used to arrive at the equation to which the data were fitted was based on the heating of the anode by fieldemission currents. To further verify this anode heating model, it was decided to take the equation derived from the Kranjec and Ruby data and apply it to the data collected by Mulcahy, et al, 1 0 in thirty-two separate experiments in which tests were performed at specific combinations of seven variables, each taken at two levels. One of the i ariables in this experiment is the anode material tested at two levels, i.e., copper and a titanium, molybdenum, aluminum alloy (Ti7Al4bio). If the data from the thirty-two experiments are thus corrected for the effects caused by anode heating by the calculation shown, it is expected that the residual can be analyzed for the relationship to the variables of the experiment using standard techniques, such as the Yates Algorithm." Furthermore, if a significant difference in breakdown voltage is found for the two different anode materials using the original data, and if the source of this significance is the anode heating factors contained in the correction, then the residual breakdown voltage values should show no con, -tbution because of this anode effect. The remaining factors of importar *juld not be grossly disturbed because of this treatment.
The resulJ • ie original analysis and the analysis of the modified data, tabulating on±y those factors found to be significant in the order of :mportance, are shown in Table III:   TABLE III * This is an interaction between two variables, i.e., a term of the type C(3_1 )1X(J_1 )X.
CONCLUSIONS
The analysis, therefore, indicates that the equation derived from the Kranjec and Ruby data fits the Mulcahy, et al, data and completely accounts for the effect of the differences in anode material. The model equation derived is proposed as a tentative equation that should be further explored, particularly on programs such as that being carried out by Mulcahy, Denholm, and Watson under ARPA sponsorship.
it is concluded that the Ti7Al4Mo alloy improves voltage hold-off sufficiently over copper to recommend its use for the positive portions of electrodes, such as on facing sectJons of non-current-intercepting modulator anodes or accelerating electrodes, where thermal conductivity of copper is not essential. 
